He, X. N.; Li, C. M.; Zhou, Y. S.; Cai, Z. X.; Zeng, X. Y.; and Lu, Yongfeng, "Enhancement of optical emission from laser-induced plasmas by combined spatial and magnetic confinement" (2011 Abstract: To enhance optical emission in laser-induced breakdown spectroscopy, both a pair of permanent magnets and an aluminum hemispherical cavity (diameter: 11.1 mm) were used simultaneously to magnetically and spatially confine plasmas produced by a KrF excimer laser in air from pure metal and alloyed samples. High enhancement factors of about 22 and 24 in the emission intensity of Co and Cr lines were acquired at a laser fluence of 6.2 J/cm 2 using the combined confinement, while enhancement factors of only about 11 and 12 were obtained just with a cavity. The mechanism of enhanced optical emission by combined confinement, including shock wave in the presence of a magnetic field, is discussed. The Si plasmas, however, were not influenced by the presence of magnets as Si is hard to ablate and ionize and hence has less free electrons and positive ions. Images of the laser-induced Cr and Si plasmas show the difference between pure metallic and semiconductor materials in the presence of both a cavity and magnets.
Introduction
Within the past decades, laser-induced breakdown spectroscopy (LIBS) has become a wellestablished and powerful optical emission spectroscopy (OES) analytical technique [1] [2] [3] [4] [5] . As a useful analytical tool, LIBS is used extensively in various areas such as remote detection, hostile environment monitoring, and cultural heritage conservation [6] [7] [8] [9] [10] . Researchers are paying more attention to LIBS as a diagnostic method for elemental analysis as it is characterized by fast, real-time, in situ, low invasiveness, and multi-elemental diagnosis, normally without the need for sample preparation [11, 12] . However, one of its major drawbacks is its low sensitivity, which seriously hinders further improving the limit of detection (LOD) and restricts the further development and application of LIBS. To enhance the LIBS sensitivity, ultrashort-pulse and dual-pulse LIBS have been developed in recent years [13] [14] [15] [16] [17] [18] .
The signal and sensitivity of LIBS can be significantly increased by using ultrashort-pulse and dual-pulse schemes. However, there are two drawbacks: one is the increased complexity of the LIBS setup, and the other is the increased cost of using more than one laser. Besides adopting the newest laser or adding lasers, another handy, flexible, and cost effective method is combining the spatial and magnetic confinement of plasmas, which can effectively improve the sensitivity of LIBS in a facile way. As is well known, a shock wave is produced with a plasma when a sample is ablated by a laser pulse [19] . On one hand, the plasma is confined by the magnetic field; on the other hand, the shock wave spreads out at a very high speed, and will be reflected back when encountering walls and will compress the plasma [20] . Combining these two effects, the plasma is compressed into the center, resulting in highly increased collision rates among particles within the plasma which leads to an increase in the number of atoms in high-energy states and, hence, enhanced emission spectra intensity [21, 22] . In the past, researchers only studied the plasma confinement effects using either spatial or magnetic confinement. For instance, our previous research [23] studied the enhancement of plasmas confined with an aluminum hemispherical cavity, resulting in an enhancement factor of 12 for Mn lines of low-concentration Mn element. Rai et al. [24] have studied the magnetic field confinement effect in air with a homemade magnetic device, achieving a maximum enhancement factor of 2 for metal alloy samples. The aim of this work was to investigate the enhancement effects by applying combined spatial and magnetic confinements in LIBS. Laser-induced plasmas were produced in a hemispherical cavity located in an externally applied static magnetic field between a pair of permanent magnets. The OES and fast imaging of the plasma plumes were investigated to study the evolution of the plasmas. Figure 1 shows a schematic diagram of the experimental setup. The experiments were conducted in open air. A KrF Excimer laser (Lambda Physik, Compex 205, wavelength: 248 nm, pulse duration: 23 ns) was used for plasma generation. The laser beam was reflected by a dichroic mirror, and focused normally to a target surface through a 2 mm hole at the top of an aluminum hemispherical cavity (diameter: 11.1 mm) by a UV-grade quartz lens (L1) with a 15 cm focal length. The dichroic mirror was reflective to the laser beam but transparent to the other wavelengths. The cavity was placed tightly on the target surface which was sandwiched between two permanent magnets of 3 × 1 × 1 inch 3 . The magnets were fixed in a plastic structure with a space of 20 cm between them, in which a nearly uniform magnetic field of 0.8 T was produced. A plasma plume was generated and expanded from the center of the cavity which was located in the magnetic field. The plume size was about several millimeters. We only studied the optical emissions at the center of the plasma where the plasma is the brightest and most stable. The emission spectra were collected through the top hole and then split up by a beam splitter. One of the split beams which passed through the beam splitter was coupled to an optical fiber by a UV-grade quartz lens (L2) with a focal length of 6 cm. The optical fiber, with a core diameter of 100 μm, was coupled to a spectrometer (Andor Tech., Shamrock 303i). A grating of the spectrometer of 2400 lines/mm was used which has a spectral resolution of 0.05 nm. A 512 × 512 pixel intensified charge-coupled device (ICCD) (Andor Tech., iStar, DH-712) was attached to the exit focal plane of the spectrograph. Another light beam, which was reflected by the beam splitter, was reflected to an ICCD camera (Andor Tech., iStar, DH-734) and imaged by a Nikon Macro lens (105 mm, f/2.8D). Both of the ICCDs were operated in the gated mode. The laser, the spectrometer, and the ICCD cameras were controlled by a digital delay generator and operated in the external trigger mode for synchronization with a repetition rate of 5 Hz. Data and image acquisitions were performed using a computer. The purities of the Co, Cr, and Si targets were 99.993%, 99.95%, and 99.999%, respectively. An alloy of a Cupro-Nickel target (NIST 1276a) with Cu, Ni, and Mg contents of 66.7%, 30.0%, and 120 ppm, respectively, was used in this study. 
Experimental methods

Experiment setup
Results and discussion
Time-integrated OES of Co and Cr plasmas from pure metals
First, the time-integrated OES spectra of laser-induced Co and Cr plasmas from pure metals were measured to demonstrate the intensity enhancement effects. The emission spectra of pure Co and Cr metal samples were obtained in two spectral ranges of 339-351 nm and 419-431 nm with both a hemispherical cavity and magnets (solid curves), with the hemispherical cavity only (short dashed curves), and with no confinement (short dotted curves) under otherwise the same conditions, as shown in Figs. 2(a) and 2(b), respectively. The spot size of the focused laser beam was about 2.0 × 1.0 mm 2 with a laser fluence of 6.2 J/cm 2 . Both the gate delay and gate width of the ICCD camera were 8 μs. The signals were accumulated with consecutive ablations by 30 pulses to reduce the standard deviation. The emission intensities for the Co (345.35 nm) and Cr (425.44, 427.48 and 428.97 nm) atomic lines were all obviously enhanced with the presence of either type of confinement. The intensities of Co emission lines in the spectrum obtained by pure cobalt using both the hemispherical cavity and magnets (solid curves in Fig. 2(a) ) exceeded a factor of 16 larger than the case without confinement (short dotted curves in Fig. 2(a) ), while a factor of 9 was obtained when using the hemispherical cavity only. Similar to the Co sample, an increase in intensities of Cr I lines of about 17 and 10 were obtained with both the cavity and magnets and the cavity only, respectively. The transition configuration for the Co atomic lines were 3p 6 
Temporal evolution of emission intensities for Co and Cr atomic lines from pure metal samples
The laser-induced breakdown plasmas are a pulsed source. The temporally resolved emission spectra were investigated to further understand the temporal evolution of the plasmas. OES spectra at different time delays were obtained by adjusting the time delay and gate width of the ICCD detector. Figures 3(a) and 3(b) show the temporal evolution of the emission intensities of the Co (345.35 nm) and Cr (425.44 nm) atomic lines using both the cavity and magnets (square dots and solid curve), using a cavity only (circle dots and short dashed curve), and without confinement (triangle dots and short dotted). The data recording started at a delay time of 4 μs and ended at 22 μs, with a gate width of 2 μs and a step of 2 μs for delay times. As shown in Fig. 3(a) , for delay times from 10 to 16 μs, the Co atomic line was significantly enhanced when both the cavity and magnets were present. A maximum enhancement factor of about 22 was achieved at a time delay of 12 μs, while an enhancement factor of only about 11 was obtained with the cavity only. Similarly for the Co sample, at the same time delay of 12 μs, a maximum enhancement factor of about 24 was achieved for the Cr I lines with both the cavity and magnets present, while an enhancement factor of about 12 was obtained with the cavity only. Obviously, significant enhancements of the emission signals from the pure metallic plasmas produced in the hemispherical cavity combined with a pair of permanent magnets have been obtained, leading to a higher detection sensitivity. The main reason for this effect is related to the combined effect of spatial and magnetic confinements. In the experiment, a shock wave is produced by the initial explosive pressure along with the plasma generation and spreads out as a spherical wave with a high supersonic velocity [25] . When the spherical wave encounters the hemispherical cavity wall, it is uniformly reflected and travels back towards the plasma center. At the same time, because an external magnetic field is applied to the metallic laser-induced plasmas, according to the magnetohydrodynamic (MHD) theory, the electrons and ions within the plasmas are influenced by the Lorentz force. From MHD equations indicate that a magnetic field exerts a magnetic pressure, B 2 /2 μ 0 , perpendicular to field lines, where B is the ambient magnetic field and μ 0 is permeability of vacuum. Thus, plasmas tend to be tied to magnetic field lines, rendering the decelerated expansion and diffusion of plasmas. The deceleration of the plasma expansion under the influence of a magnetic field can be given as where ν 1 and ν 2 are, respectively, the asymptotic plasma expansion velocity in the absence and in the presence of the magnetic field [26] . The parameter β of the plasma is given by 2 8 ,
where n is the electron density (cm 3 ), k is the Boltzmann constant, T e is the electron temperature (eV), and B is the magnetic field (G). The plasma parameter β is the ratio of particle pressure and magnetic field pressure, which indicates the size of the diamagnetic effect [27, 28] . When β = 1, the plasma would be stopped by the magnetic field. In the case of high β, the magnetic confinement would not be obvious. In the case of low β plasma, the magnetic confinement would be effective [29] . In our experiments, the plasma was simultaneously confined by both mechanisms. The plasma plume was compressed even further than the case using spatial confinement alone. The plasma density at center region was drastically increased, which led to an increased number of the collisions among particles within the plasma. This enhanced collision in turn resulted in an increased number of excited atoms, and consequently increased the temperature at the center of the plasma. Therefore, the emission intensities of the pure metallic plasmas with combined spatial and magnetic confinements were further enhanced, resulting in a higher detection sensitivity.
Time-integrated OES and temporal evolution of emission intensity for Si atomic line
In addition to pure metallic samples, the OES of laser-induced semiconductive Si (288.16 nm) was measured with both the cavity and magnets (solid curve), with a cavity only (short dashed curve), and with no confinement (short dotted curve) under otherwise the same condition as that for the pure metallic samples, as shown in Fig. 4(a) . The emission intensities for the Si atomic line (288.16 nm) were obviously enhanced with the presence of either type of confinement. However, it was different from the pure metallic samples in that the intensity enhancements were almost the same whether using a hemispherical cavity and magnets together or using a hemispherical cavity only. Figure 4(b) shows the time evolution of the emission intensity of the Si atomic line (288.16 nm) using both the cavity and magnets (square dots and solid curve), using a cavity only (circle dots and short dashed curve), and without confinement (triangle circle dots and short dotted). In the case with both the cavity and magnets, the best enhancement time appears at the same time delay of 12 μs. However, the maximum enhancement factor only reached 10, which is much smaller than the metallic materials. The reason can be found in the Si plasmas, which are not as influenced by the magnetic field, because Si is more difficult to be ablated and ionized due to its high ionization potential, resulting in less amount of free electrons and positive ions within the Si plasmas [30] . The temporal evolution of the Si atomic line (288.16 nm) was nearly independent of the magnetic field. Fig. 5 . Fast images of laser-induced Cr and Si plasmas using both a hemispherical cavity and magnets (first and fourth row), using the cavity only (second and fifth row), and without confinement (third and sixth row), respectively, at a laser fluence of 6.2 J/cm 2 .
Fast imaging of laser-induced Cr and Si plasmas with different confinements
The time evolution of the plasma plumes from pure metallic and semiconductor samples were directly observed using fast imaging. Figure 5 shows the images of Cr plasmas on a relative intensity scale with the presence of both the cavity and magnets (first row), with a cavity only (second row), and without confinement (third row). The image recording started at delay time of 4 μs and ended at 22 μs, with a gate width of 2 μs and a step of 2 μs for delay times. When a cavity was used, the images were taken through the hole on top of the cavity, indicated by the dotted circles. As can be seen from the images, the size of the luminous plasma without confinement was approximately 5 mm in diameter. By comparing the plasma images with (first and second rows) and without (third row) confinement, the plasma was obviously compressed towards the center. It also shows that the plasma plumes with both the cavity and magnets or with the cavity only became obviously brighter during 10-16 μs, and the brightest time appeared at a delay time of 12 μs, consistent with the result of the time-resolved OES curves of Cr. The plasma plume with both confinements was much brighter, stable, and lasted longer than with case with the cavity only, apparently due to the magnetic confinement. In contrast, the plasma plume without confinement decayed gradually. This demonstrates that the enhancement factor, when using both the cavity and magnets, is much stronger than the cases just using the cavity alone or with no confinement. However, the Si plasma images with both the cavity and magnets (fourth rows) and those with a cavity only (fifth row) show no detectable difference in the plasma evolutions. This demonstrates that the plasma emission intensity enhancement of Si is dominated only by the hemispherical cavity rather than the magnets, consistent to the result of time-resolved OES curve of Si.
Temporal evolution of emission intensities for Cu and Ni atomic lines from an alloy sample
Apart from pure sample detection, the alloy of a Cupro-Nickel target (NIST 1276a, Cu, Ni, and Mg contents of 66.7%, 30.0%, and 120 ppm) was also investigated with the same parameters of the laser fluence and ICCD setting up. The results of Cu and Ni are also similar to the pure metallic samples, as Fig. 6 (a) shows. At a time delay of 12 μs, a maximum enhancement factor of about 22 was achieved for the Cu I lines with both the cavity and magnets present. Similarly, an enhancement factor of just about 11 was obtained with the cavity only. It was almost the same for Ni I lines detection. nm) from an alloy sample as a function of time delay, using both a hemispherical cavity and magnets (square dots and solid curve), using the cavity only (circle dots and short dashed curve), and without confinement (triangle dots and short dotted) at a laser fluence of 6.2 J/cm 2 .
Temporal evolution of emission intensity for trace-level Mg atomic line from the alloy sample
The enhanced effect of trace elements has been scrutinized. Figure 7 shows the temporal evolution of Mg (concentration: 120 ppm) in the Cupro-Nickel target (NIST 1276a) with the same ICCD detector settings except that the laser fluence was increased to 6.9 J/cm 2 . Between 8 and 12 μs, the intensity of the Mg (518.36 nm) atomic line was significantly enhanced. A maximum enhancement factor of 15 was achieved with both the cavity and magnets, while an enhancement factor of about 7 was achieved with the cavity only. The additional enhancement by adding the magnets is the same as that for the pure metals. Thus, the combination of plasma confinements using both the hemispherical cavity and magnets cannot only significantly enhance the intensity of the major compositions but also enhance the tracelevel elements. Fig. 7 . Emission intensity of trace-level Mg I atomic lines (288.16 nm) from an alloy sample as a function of time delay, using both a hemispherical cavity and magnets combined (square dots and solid curve), using the cavity only (circle dots and short dashed curve), and without confinement (triangle dots and short dotted) at a laser fluence of 6.9 J/cm 2 .
Conclusions
In summary, the combined spatial and magnetic confinements using both the hemispherical cavity and permanent magnets in LIBS were studied. Significant enhancements in LIBS of pure metallic samples such as Co and Cr were observed. The maximum enhancement factor for the atomic lines exceeded 22 at a delay time of 12 μs with both the cavity and magnets, while more than 11 was obtained with the cavity only at a laser fluence of 6.2 J/cm 2 . This obviously shows that the enhancement effect using both the hemispherical cavity and magnets is much stronger than the cases using the cavity only. Similar results were obtained for an alloy sample. However, it shows that the magnetic field has no influence on Si samples. The images of the pure metallic plasma plumes directly show that the plumes confined by both the cavity and the magnetic field are more effectively compressed to the hemispherical cavity center and become brighter, demonstrating the special effects of combining spatial and magnetic confinements. In contrast, under otherwise the same condition, the Si plasma images exhibit no appreciable change between those with both a cavity and magnets and those with a cavity only. This illustrates that the enhancement of plasma emission from Si is only determined by the hemispherical cavity rather than the magnets, due to the low ionization of Si. The results of this research have shown promise for further improving the LIBS sensitivity.
